Impurity states in d-wave superconductors with a competing antiferromagnetic ͑AF͒ order are investigated by solving the Bogoliubov-de Gennes equations. The potential scattering (PS) model with moderate strength and the Anderson impurity (AI) model with on-site hybridization are employed to describe the weak impurities. In zero external field, the impurity-induced AF order is rather weak and both models are able to give rise to impurity resonant states with close energy and similar profile of the local density of states. In the mixed state, the effect of magnetic-field-induced AF order on the impurity quasiparticle excitation is also examined. We find that the response of the impurity state to the presence of a local AF order is quite different for the two impurity models when a superconducting vortex is pinned by the impurity. For the PS model, the impurity resonance is subtly dependent on the sign and strength of the scattering potential, while for the AI model in the strong hybridization regime, the low-lying resonance is pinned near the Fermi level within the small gap opened by the AF order and is insensitive to the strength of the coupling between the impurity spin and the conduction electron. Based on our numerical results, we think that the two models give rise to different behaviors of the impurity resonances for both the nickel and zinc impurities in the magnetic field and the prospective scanning tunneling microscopic observation might give a clue to the dominant mechanism of the impurity states in the high-T c cuprates.
I. INTRODUCTION
The recent development of atomic-scale scanning tunneling microscopy (STM) has triggered much interest in the problem of impurity scattering in high-T c d-wave cuprates. A series of beautiful STM experiments have revealed local quasiparticle excitations induced by various defects, 1 especially by impurity atoms (e.g., Zn and Ni) directly doped into the CuO 2 planes, 2, 3 which proved the ability of impurities as a powerful local probe in studying high-T c superconductivity (HTS). However, there are still some controversies about the mechanism of the impurity resonant state and the modeling of the impurity interaction in HTS, especially when the impurity carries or induces magnetic moments as observed by the nuclear magnetic resonance 4 (NMR) and neutron scattering 5 experiments. The potential scattering (PS) model [6] [7] [8] [9] treats the impurity atom as a simple potential scatterer and, e.g., the ␦-function-type impurity interaction is
where c 0 † creates an electron of spin at the site 0 containing the impurity. V s ͑V m ͒ denotes the strength of the scalar (magnetic) potential. According to the PS model, resonant states within the energy gap are produced by the scalar potential scatterers in a d-wave superconductor, which has been identified as one of the signatures of the d-wave pairing symmetry. In the PS model, the impurity spin is treated as a classical magnetic moment. On the other hand, different from the classical treatment of the impurity spin, several theoretical works [10] [11] [12] [13] attributed the origin of the impurity state to the quantum spin dynamics of impurity-related magnetic moments. In other words, the degrees of freedom of impurity spin should be included and interact with the conduction electrons. For instance, according to the Anderson impurity (AI) model, 12, 13 the internal degrees of freedom of the impurity are described by the Anderson d electrons, and the impurity interaction is expressed in real space as
where ⑀ d is the d-electron energy level and t h is the strength of the hybridization of the moment with the conduction electron. The on-site hybridization between the d level and the conduction electron as shown in Eq. (2) was found to be relevant to the Ni impurity, 12 while the Zn impurity may be described by the four-site hybridization. 13 In this paper, we simply accept the existence of the magnetic moments as an experimental fact and will not address their microscopic formation.
As will be seen later, both the PS model with a moderate strength of attractive scalar potential and the AI model with on-site hybridization are able to lead to the impurity quasiparticle resonance with quite similar quasiparticle spectra, consistent with one of the two impurity states 14 associated with each Niatom observed by the STM experiment. 3 To examine the dominant mechanism of the impurity state, in a previous work 13 we studied the variation of the impurity resonance when a superconducting vortex with a normal metallic core was pinned right on the impurity site. However, the single LDOS peak associated with the vortex core in a normal metallic state of pure d-wave superconductors 15 has never been observed experimentally. As studied theoretically for HTS with strong electron correlation, competing orderings such as the antiferromagnetic ͑AF͒ (Refs. [16] [17] [18] [19] [20] order and the staggered flux 21, 22 order might nucleate around the vortex core where the superconducting order is suppressed and thus a subgap opens at the vortex core, as observed by STM experiments. 23 Recent experiments [24] [25] [26] have indicated the existence of AF order inside the vortex in various cuprates. Here, we will examine the response of the impurity state to the presence of the static AF order. We find that in the PS model, the impurity state is produced at the vicinity of the vortex core state and the resonance energy is sensitively dependent on the sign and magnitude of the scattering potential. On the other hand, in the AI model the lowest-lying impurity resonance is generated with the spin polarization contrary to that of the vortex center. For both models, the impurity states lose the particle-hole dualism due to the destruction of the superconducting order (by the AF order) in the vortex core.
The rest of the paper is organized as follows. In Sec. II, we describe the effective Hubbard model to study the d-wave superconductivity with a competing AF order. In Secs. III and IV, the impurity states in both the PS model and the AI model are studied in zero field and in the mixed state. We give a brief summary in Sec. V.
II. MODEL AND BASIC EQUATIONS
In this work, we adopt a well-established t-U-V Hubbard model 8 on a two-dimensional (2D) lattice with the on-site repulsion ͑U͒ and the nearest-neighbor (NN) pairing interaction ͑V͒ to model the competing AF order and the d-wave superconducting (DSC) order, respectively. The model Hamiltonian is expressed as
where c i † creates an electron of spin at the ith site. n i = ͗c i † c i ͘ is the electron density with spin . In an external magnetic field, the hopping integral can be written as t ij = t exp͓i͑r i , r j ͔͒ with ͑r i , r j ͒ =−i͑ / ⌽ 0 ͒͐ r i r j A͑r͒ · dr for the NN sites ͗i , j͘, A͑r͒ the vector potential, and ⌽ 0 = hc /2e the superconducting flux quantum. The internal field induced by supercurrents around the vortex core is neglected since high-T c cuprates can be treated as extreme type-II superconductors. Therefore, A͑r͒ is approximated as ͑0,Bx ,0͒ in a Landau gauge, where B is the uniformly applied external magnetic field. is the chemical potential. 
where u n , v n are the Bogoliubov quasiparticle amplitudes with corresponding eigenvalue E n . In the PS model, i , j represents the index of the 2D lattice site. H ij, =−␦͑r i + − r j ͒t i,j + ␦͑r i − r j ͓͒Un i − + ␦͑r i − r 0 ͒V s ͔ with the unit vectors ±ê x and ±ê y . n i is subject to the self-consistent conditions
where f͑E͒ = ͓exp͑E / k B T͒ +1͔ −1 represents the Fermi distribution function. In terms of n i , the staggered magnetization of the AF order parameter is defined by
Here, the pairing potential ⌬ i,j is defined between a pair of NN sites on the 2D lattice and is calculated self-consistently,
ͪ, ͑8͒
and the gauge-invariant d-wave order parameter ⌬ d is defined as
where ͑͒ =0, /2, ,3 / 2 for = ê x , ê y , −ê x , and −ê y . In the AI model, i , j in Eq. 
expression of the bosonic number is
With the help of the derived equations (4)- (10), we can perform the self-consistent calculation as follows. For a given initial distribution of various order parameters, i.e., n i and ⌬ i,j , the BdG equations are numerically diagonalized and the obtained quasiparticle spectrum is used to calculate the new order parameters for the next iteration step. The results are obtained when expected accuracy is achieved with the relative errors of n i and ⌬ i,j between two consecutive iteration steps being ഛ0.1%. Furthermore, for the AI model, the Lagrange multiplier 0 is determined by minimizing the free energy of the system and b 0 is self-consistently calculated according to Eq. (10). Once the self-consistent quasiparticle spectrum is obtained, we calculate the LDOS,
͑11͒
which is proportional to the differential tunneling conductance observed in STM experiments. In the following sections, the energy and length will be measured in units of the hopping integral t and the lattice constant a.
III. IMPURITY STATES WITHOUT MAGNETIC FIELD
In this section, we study the impurity states without applying the magnetic field. To make the exact diagonalization of the BdG equations feasible and achieve the desired resolution to resolve the impurity resonance in energy, we address the system made of a periodic array ͑M x ϫ M y ͒ of subsystems each with the size N x ϫ N y in the numerical calculation. We then define the Bloch states labeled by a Bloch momentum k = ͑2m x / M x N x ͒ê x + ͑2m y / M y N y ͒ê y with m x,y =0,1, ... , M x,y − 1 and then the Hamiltonian of the total system is block-diagonalized for each k. Therefore, the eigenvalue problem of the whole system with size M x N x ϫ M y N y reduces to diagonalize the subsystem of smaller size N x ϫ N y for each k. For each subsystem, the periodic boundary condition is applied. This method is well established and has been applied to study the effect of various inhomogeneities such as impurities and surfaces in d-wave superconductors. In our study, the total system consists of 10ϫ 10 subsystems each with the size 32ϫ 32.
As a model calculation, we choose the pairing interaction V = 1.2 and the on-site repulsion U = 2.4 such that the d-wave superconducting state overwhelms the AF order at the optimal doping x = 0.15 (in other words, the average electron number per site n = 0.85) in the absence of magnetic field. At near-zero temperature where our calculations are performed, the above parameters give rise to ⌬ d Ӎ 0.09 in zero field and accordingly we find that ⌬ gap Ӎ 0.36, with ±⌬ gap denoting the energy positions where the coherence peaks of the LDOS curve are located, as shown in Fig. 1 . 28 Figures 1(a) and 1(b) plot the local density of states as a function of energy around the impurity site in the PS model with a negative (attractive) scattering potential V s = −3 and the AI model with ⑀ d = −0.5, t h = 1.0 (strong hybridization regime), respectively. As shown in the figure, both models give rise to impurity resonance states with very close energy value / ⌬ gap = 0.3 and the impurity quasiparticle excitation has both electron and hole components. The electron part ͉u i ͉͑͒ 2 , which corresponds to an LDOS peak at in Fig. 1 , has the largest amplitude right on the impurity site and decays rapidly with the distance from the center. On the other hand, the hole part ͉v i ͉͑͒ 2 leading to an LDOS peak at − has vanishing amplitude on the impurity and the NNN site with its largest value on the NN site of the impurity. The resonance energy and the spatial distribution of the quasiparticle resonant state are consistent with the STM experiment 3 of Ni-doped Bi 2 Sr 2 CaCu 2 O 8+␦ . Our numerical results are also consistent with the non-self-consistent Green's-function analysis of the AI model in the continuum model. 12 According to our selfconsistent study, in both models the coherence peaks at ±⌬ gap are reduced at the vicinity of the impurity site due to the suppression of the DSC order. On the other hand, the LDOS at the impurity site is largely altered within the whole energy range in the PS model, while in the AI model the LDOS is hardly changed in the energy axis opposite to the resonance energy , indicating that the spectra of the AI model agree with the STM observation better. Similar results can also be seen from the LDOS of the NN and NNN sites of the impurity in Fig. 1 .
IV. IMPURITY STATES IN THE MIXED STATE
In the presence of a strong magnetic field, the superconductor is in the mixed state. A magnetic unit cell which accommodates two vortices is selected as the subsystem with linear dimensions satisfying N x N y =2⌽ 0 / B according to the theory of the magnetic translation group. Similar to the problem studied in the absence of a magnetic field, we are able to numerically handle the smaller subsystem for each of the magnetic Bloch quasimomenta k. Note that in agreement with the symmetry of the magnetic translation group, the modified periodic boundary condition 29 is applied and accordingly ⌬ d ͑r i ͒ satisfies the following translation relation:
and R = mN x ê x + nN y ê y is the magnetic translation vector. Here a 10ϫ 10 array of the magnetic unit cell is chosen with the size of each unit cell 20ϫ 40.
Before studying the impurity state in the vortex center, for comparison we need first to study the electronic structure of the impurity-free vortex lattice of d-wave superconductors. It was first shown in Ref. 17 that the LDOS at the vortex core exhibited a double-peak structure near the Fermi level due to the local AF order induced near the vortex core where DSC order was suppressed, and later such an issue was intensively studied and similar results reproduced by many authors. 18, 19 Here we adopt a configuration of the AF order in which the AF order alternates sign from one vortex to its NN vortex along both the ê x and ê y directions as shown in Fig. 2(a) , which plots the pattern of the staggered magnetization of the local AF order as defined in Eq. (7). This configuration is different from that in Ref. 17 , where the AF order only changes sign along one of two directions, and that in Refs. 18 and 19, where the AF order has the same periodicity as the vortex lattice. Although the configuration we take has slightly higher free energy than that reported in Ref. 19 for higher magnetic field (i.e., smaller magnetic unit cell), our configuration ensures that the AF order parameter vanishes at the border of the vortex unit cell where DSC order recovers and might come closer to the most favorable configuration in low field as in the STM experiments. Despite this, the impurity state in the vortex center is mainly related to the localized nature of the AF core and is therefore insensitive to the detailed configurations of the AF order. Figure 2 (b) displays the LDOS at the vortex core together with that at the midpoint between two NN vortices in full agreement with previous works. 18, 19 It can be seen that the AF order induced around the vortex core splits the zero bias peak (ZBP) (Ref.
15) of the LDOS predicted for a pure d-wave superconductor with normal metallic core due to the lifting of the spin degeneracy by the AF order. The AF order opens a small effective gap with gap edges denoted as A and B in Fig. 2(b) . The LDOS peaks A and B come from the contributions of vortex core states with spin-up and spin-down polarization, respectively. Small peaks outside of the subgap E AB are the suppressed DSC coherence peaks and peaks corresponding to the von Hove singularity.
Next we study the impurity state at the vortex core in the presence of AF order in the PS model. Due to the presence of impurity scattering, both the staggered magnetization of the AF order M s and the electron number n i = n i↑ + n i↓ are varied around the impurity site. In Fig. 3 , the variation of M s and n is displayed along the (1,0) direction across the vortex core (impurity site) at (11, 11) for a set of values of V s . According to Fig. 3 , the effect of the potential scattering on M s extends a few lattice sites while that on n is quite local. From Fig.  3(a) , except for the weak potential V s = −1, the potential scattering tends to reduce the magnetization right on the impurity site regardless of the sign of the potential, and more interestingly we observe a net spin S z = 1 2 by summing the local moments induced around the impurity. Combining with the result in the zero-field case as reported recently in Ref. 30 , we find that the magnetic field also plays an important role in the local moment formation in addition to V s and U. Moreover, we find from Fig. 3(b) that the sign of the variation of n due to the potential scattering is always opposite to V s , which is consistent with the fact that the negative (positive) potential attracts (repels) electrons to (from) it. Because of ). Therefore, even though the scattering potential in the PS model might be pointlike and scalar itself, its overall effect is extended and magnetic within the vortex centers with the induced AF order. According to Fig. 3 , the impurity-induced variation of M s and n is short-ranged within a few lattice sites of the scatterer and the main contribution comes from the scattering center, so the total impurity effect can be treated simply as a point magnetic potential scattering with Ṽ s = V s + U␦n 0 / 2 and Ṽ m =−U␦M s0 / 2, where ␦n 0 and ␦M s0 denote the value of ␦n and ␦M s at the impurity site, respectively. From Fig. 3 , we have The resulting LDOS at the impurity site in the PS model is shown in Fig. 4 with various strengths of the scattering potential. Inspection of the impurity-induced states shows that they have close relevancy with the AF vortex core states [peaks A and B in Fig. 2(b) ]. Here we pay attention to the low-lying impurity states within the subgap E AB .
31 From the figure, we find that in each case the appearance of the impurity state and the suppression of the vortex core states happen together at the impurity site. For the negative potential, there is an impurity resonance peak at the left side of the vortex state peak A. The low-lying LDOS peak within the subgap E AB is located at the right side of peak A for V s = −3 and at the left side of peak B for V s = −1. For the larger positive potential V s = 3, the LDOS in the full energy range displayed in Fig. 4(c) is reduced and we find no impurity state lying within E AB except one at the right side of peak B. For V s = 1, there is a high peak in the vicinity of the Fermi level. As shown in Fig. 4 , the scattering potential with the larger magnitude decreases the spectral weight on the impurity site more than that with the smaller one because a large potential tends to exclude the quasiparticle from the scatterer, and in the large limit (unitary) the LDOS right on the impurity site approaches zero. Indeed, we find that for ͉V s ͉ ӷ t, the BdG equations have a simple eigenstate lying far beyond the energy band: the eigenenergy E Ϸ V s together with the approximate eigenfunctions u i = ␦ i,0 and v i = 0, which indicates that at the impurity site all the spectral weight belonging to the low-energy states will transfer to this high-energy state and thus gives rise to the vanishing of the LDOS of the impurity site within the energy band. Furthermore, unitary impurities (in our study V s = ± 100) give rise to impurity resonances infinitely close to the subgap edges, i.e., peaks A and B, without any evidence of the near-zero resonant peaks both on the impurity site and around it.
In the AI model, we find that the variation of the magnetization and the electron number around the impurity site is rather small without giving significant modification of the impurity Hamiltonian. For the same parameters as in Fig.  1(b) we find that the net magnetic moment generated around the impurity is rather small with S z = 0.06, indicating that the impurity spin is strongly screened by the surrounding quasiparticles. For comparison to the PS model, Fig. 5 shows the results of LDOS at the vortex core for the AI model. For the parameters in the strong hybridization regime, a low-energy impurity quasiparticle excitation state is readily obtained and pinned slightly above the Fermi level with / ⌬ gap = 0.1 in addition to another impurity resonance with a slightly higher energy at the left side of peak A. Moreover, comparing with the impurity resonance for the AI model without magnetic field [ Fig. 1(b) ], we find that (i) the LDOS peak corresponding to the impurity state is even strengthened because the impurity resonance is located at the middle of E AB where the residual density of states is low and therefore the intrinsic width of the impurity resonance is narrow; (ii) the impurity state is simply electronlike and has no hole counterpart due to the destruction of the DSC order at the vortex core; (iii) the spatial pattern of the electron part of the quasiparticle excitation is the same as that of the impurity resonance with zero field, as shown in the inset of Fig. 5 .
To get a better understanding of the results shown in Figs. 4 and 5, we also perform a t-matrix analysis 6,32 of the abovementioned results for both models. At the vortex core, the DSC order parameter is so suppressed that the anomalous Green's functions are vanishingly small and for the pointlike scatterers we need only to know the impurity-free normal Green's functions of spin up and down, which are constructed from E n , u n↑ , and v n↓ obtained by solving the BdG equations (4),
where ⌫ is the broadening parameter with small and positive value. Figure 6 plots the real part of G ↑↑ and G ↓↓ as a function of E, where we find steep jumps at E / ⌬ gap = −0.4 in (a) and 0.4 in (b), corresponding to the A and B peaks in Fig.  2(b) . In Fig. 6(a) , the energy positions of the marks A and AЈ are slightly different because a small but finite broadening parameter ⌫ = 0.02 is selected in calculating the Green's functions technically. Theoretically for infinitesimal ⌫, E A = E A Ј ; Re G ↑↑ ͑0,0,E͒ should diverge as the energy approaches E A from both sides and the curve connecting A and AЈ will vanish. For Fig. 6(b) , we have the same conclusion. According to the t-matrix theory, the existence of impurity resonances in PS models is determined by
where ↑ ͑ ↓ ͒ corresponds to the resonance energy of the impurity state with the spin-up (-down) polarization. Therefore, at energy points where the horizontal lines cross with the line of the real part of the Green's functions as shown in the figure, one finds resonance peaks consistent with the selfconsistent results in Fig. 4 . For example, for V s = −1, the corresponding horizontal line ͑Ṽ s + Ṽ m ͒ −1 intersects with the curve of Re G ↑↑ at E Ͻ E A and thus we get an impurity resonant peak at the left side of peak A; similarly an LDOS peak appears rather close to peak B because the horizontal line ͑Ṽ s − Ṽ m ͒ −1 intersects with Re G ↓↓ at the energy E Շ E B .
Moreover, the lines of Green's functions in the subgap region, so there is no lowenergy impurity resonance.
On the other hand, for the AI model, after we integrate out the impurity degree of freedom, the conduction electron at the impurity site will feel an energy-dependent pointlike scattering potential with V eff
, where ⑀ d Ϸ 0.5 and t h Ϸ 0.82 derived from calculation of the minimum of the free energy. Then in the AI model, the equations determining the impurity resonant energies will be
V eff −1 ͑E͒ is plotted as the dotted line in Fig. 6 . Because V eff −1 ͑E͒ crosses Re G ↑↑ at the energy point which is very close to that of the PS model with V s = −1, the LDOS peak at the left side of peak A in Fig. 5 is similar to that in Fig. 4(b) . And the fact that it intersects with Re G ↓↓ in the subgap E AB gives rises to the low-lying impurity resonance as shown in Fig. 5 .
From Fig. 6 , we find that both the PS model and the AI model are able to produce the low-lying impurity resonance for certain parameters. However, to achieve a clear-cut impurity state which separates with the vortex core states apparently, the resonance energy should lie within a region smaller than the subgap E AB . We find that the impurity states in the PS model have shown a behavior which is sensitively dependent on the scattering potential. Nevertheless, for the AI model as long as the strength of hybridization between the d electron and conduction electrons is strong enough, t h տ 1, there is always an impurity resonance pinned near the Fermi level according to our numerical calculations. Moreover, the lowest-lying impurity state (nearest to the Fermi level) of the AI model and negative PS model has opposite spin polarization to the magnetization of the vortex core, while that of the positive PS model has the same polarization as the magnetization of the core.
Specifically, for the Niimpurity our numerical calculation indicates that in the PS model ͑V s =−3͒ the impurity state in the vortex core has a resonance energy quite close to that of the vortex state E A , while in the AI model ͑t h =1͒ the impurity resonance energy is close to zero, resulting in an LDOS peak much sharper than that of the PS model. Future STM observation of the Niimpurity in the magnetic field will shed light on the dominant mechanism of the impurity resonant state in the HTS.
V. SUMMARY AND DISCUSSION
In this work, we have compared the potential scattering model with the Anderson model by examining the quasiparticle excitation around the Ni impurity doped in d-wave superconductors. At zero field, both the PS model and the AI model can produce the impurity resonant state with the resonant energy and spatial pattern qualitatively consistent with one of the two differential conductance peaks within the superconducting gap observed around the Ni atom doped in HTS by the STM experiment. After applying an external magnetic field larger than the lower critical field, the impurity states generated by both models are quite different from those in zero field. In the AI model, the impurity state is pinned within the subgap opened by the static AF order at the vortex core with extreme particle-hole asymmetry. Furthermore, the impurity state has a spin polarization contrary to that of the AF order of the vortex core, while in the PS model, both the resonant energy and the spin polarization of the lowest-lying resonant state are rather sensitive to the sign and strength of the scattering potential. We propose highresolution spin-polarized STM experiments to probe not only the spin structure of the vortex core but also the existence and polarization of possible low-lying impurity quasiparticle excitations when vortices are pinned by the doped impurity atom such as Ni in the CuO 2 planes of HTS. From the impurity Hamiltonian, the remarkable difference between the PS and AI models is that the AI model introduces an additional degree of freedom to describe the magnetic momenta carried/induced by the impurity site. In the framework of the Green's function theory, this extra degree of freedom can be integrated out, which results in the AI impurity acting like a scalar potential scatterer. However, the effective potential corresponding to the AI impurity is energy-dependent, which makes the PS model and AI model essentially different because in the PS model the scattering potential is energy-independent. In this paper, by depositing the impurity in the insulating vortex core with a small gap opened by the staggered magnetization, which plays a key role in the suppression of the superconducting order in the vortex core for both cases and is consistent with the STM observation, 23 we have displayed such differences between the PS and AI models. Note that, even if the static AF order vanishes and the vortex core becomes metallic, the impurity states of the PS and AI models are still different, which agrees with what we found in an earlier work. 13 Finally, we wish to discuss also the impurity state of Zn briefly, when a vortex line is pinned on it with the induced static AF order. Similar to the case of Ni studied above, in zero field both the PS model in the unitary limit 6, 8 and the AI model 12, 13 [or alternative models taking into account the effect of the magnetic moment induced around Zn (Ref. 10)] can give rise to the impurity resonance, explaining qualitatively the experiment data. 2 However, in the presence of the flux line on the impurity site, we obtain no low-lying impurity state within the small subgap opened by the static AF order for the large (negative and positive) scattering potential, while for the AI model for Zn with the four-site hybridization proposed in Refs. 12 and 13, the impurity resonant state with near zero energy is seen. 33 Therefore, to examine whether or not the low-lying impurity excitation exists when the magnetic field is applied in the Zn-doped superconducting material may help us to elucidate the dominant mechanism of the impurity resonance. 27 S. E. Barnes, J. Phys. F: Met. Phys. 6, 1375 (1976); P. Coleman, Phys. Rev. B 29, 3035 (1984) . 28 As shown in Fig. 1 (dotted lines) , coherence peaks are located at E / ⌬ gap = ± 1. At the vicinity of the coherence peaks (especially above E / ⌬ gap = 1 and below the peak of the van Hove singularity with E / ⌬ gap = 1.5), there are also peaks which arise from the splitting effect of the AFM order induced by the impurity. Due to the finite size, the AFM order induced by the impurity still has nonzero value on the subsystem boundary, which lifts the spin up-down degeneracy and results in the splitting. Furthermore, because the magnetization is vanishingly small on the impurity site itself (with maximum magnitude on the NN sites), the (0,0) LDOS peak corresponding to the impurity resonance state is not split as indicated by Fig. 1 Lett. 92, 077203 (2004) . 31 In the identification of the LDOS peaks of the impurity states from those of the vortex core states, we apply the t-matrix theory addressed below. According to this theory, ↑ or ↓ satisfying Eqs. (14) and (15) for the PS model and Eqs. (16) and (17) for the AI model denotes the resonance energy of the impurity state with spin polarization up or down. Here we will concentrate on the low-lying impurity states in the vicinity of the Fermi level within E AB , because for E in this range the imaginary part of G ↑↑ ͑0,0,E͒ and G ↓↓ ͑0,0,E͒ is vanishingly small [consequently the LDOS at the impurity site in E AB is small, as shown in Fig.  2(b) ] , and therefore the intrinsic width of the low-lying impurity states will be small and will likely be observed by STM observation. 32 Q.-H. Wang and Z. D. Wang, Phys. Rev. B 69, 092502 (2004) . 33 Q. Han et al. (unpublished) .
